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Abstract
The qualitative analysis of the electron cloud formation
is presented. Results are compared with simulations for the
NLC damping ring [1].
1 INTRODUCTION
Since the discovery of instability at KEK photon fac-
tory [2], it was realized that the electron cloud can drive
the fast multi-bunch [3] and, later, the single bunch insta-
bilities [4] in the positron storage rings. The instabilities
affect performance of the B-factories and design of the fu-
ture linear colliders.
Effects of the e-cloud on the beam dynamics is conve-
niently described by the effective wake field [5] which can
be calculated [6] given the density of the e-cloud. The es-
timate of the density is the main difficulty of the problem.
The e-cloud is neither static in time nor uniform in space
and depends on the bunch population   , bunch spacing


, geometry of the beam pipe, the flux of the synchrotron
radiation (SR) photons, and the yield of secondary elec-
trons. Due to these difficulties, the density is usually de-
termined either by elaborate simulations or considered as
a fitting parameter. Nevertheless, it is highly desirable to
have some analytic estimate of the density to interpret the
results of simulations and for scaling of these results with
machine parameters. The goal of the paper is to provide
such an estimate. Results of the analysis are applied to the
NLC main damping ring and compared with the simula-
tions for the NLC [1]. The relevant parameters of the ring
are listed in Table.
The electron cloud where electrons moves randomly and
can be characterized by some quasi-steady equilibrium dis-
tribution can exist only in the case of small currents. That
is true for both practically important cases where electrons
are generated by synchrotron radiation or are result of the
beam induced multipactoring.
The paper is organized as following. We start with a sim-
ple case of the coasting beam where electrons oscillate in
the self-consistent potential well and can be described by
the Boltzmann distribution. Then, to define the tempera-
ture of the distribution, we need to consider bunched beam.
The temperature is defined by the equilibrium of the en-
ergy losses. The next step is to take into account the multi-
pactoring. It is shown that the space-charge potential of the
secondary electrons generates a potential bump at the wall
which defined by the equilibrium of the average number of
electrons in the cloud. Effect of the finite bunch length in

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Section 6. Wherever it is possible, our results are compared
with simulations [1].
2 STEADY-STATE: COASTING BEAM,
NO SR
Let us start with a coasting beam with the average linear
density     in a round beam pipe. Electrons of the cloud
oscillate in the steady-state potential 
	  








































The steady-state density corresponds to the condition that
the total radial field L . F  EFA! 4 IM  at the wall is zero. This






















This is the well known condition of neutrality which is,
actually, independent of the form of the distribution G . ! 4 .




T . This agrees
quite well with the results of simulations [1] which give the





The average over time distribution function of electrons


















where u is temperature in units of ﬁﬀ , _
 
_ is the




















































The potential  in Eq. (5) is the total potential 	  

mﬂx
of the beam and the cloud. The later is defined by the








Let us define dimensionless 	 !J
)
and measure all po-
tentials in units of u , introducing  .  4 	 .  . ! 4  u 4 I^M ﬂ0 .
































































































The space-charge potential is finite at 	
R
. Integration








Comparison of this result with Eq. (8) gives 	 and










reproducing the density given by the condition of neutral-
ity. Note, that the average density G C is independent of the





and temperature u .



























depend only on one parameter  . It is defined in the next
section.










Figure 1: Total self-consistent potential  .  4 and the beam








. Parameter  is
found from Eq. (16).
3 STATIONARY DISTRIBUTION,
BUNCHED BEAM
In the approximation of the averaged beam poten-
tial, electrons have regular motion oscillating in the self-
consistent potential well. The averaging of the beam poten-
tial is a standard trick used for the similar problem of the
ion instability. For the e-cloud this approximation require
justification due to high frequency of the electron oscilla-
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K GHz and the number of oscil-











the beam potential cannot be approximated by a potential
of the coasting beam.
Nevertheless, an electron moves between bunches only
by the distance small compared to beam pipe radius.
Hence, before an electron can reach the wall, it is kicked
by ]  	
N
 !"E!
several times. Electrons move chang-
ing direction and the motion is similar to a random walk.
We can estimate the number of kicks G[{ﬁﬃ an electron gets















what defines G[ . It is clear again that it makes sense










For the NLC parameters,
G
W¥
U1¦> in agreement with
simulations.
In the previous section, the temperature u remains unde-
fined. Now we take into account the beam bunching con-
sidering bunches as point-like macro particles. The goal
is to define the temperature u and the average over time
density of the cloud.
The bunching of the beam has several implications.
First, an electron in the beam pipe experiences periodic
kicks. Neglecting the space-charge potential, we can
write a simplectic map § . s8ﬃ] 4 giving transformation of









' (8ﬃ]A6 . The eigen values of the Jacobian
ª
' §' s8ﬃ]A6ﬂ8«{(8^]-¬{6 are real only for  *[­

)
, i.e. in the
region of the linear motion.
Elsewhere the motion is chaotic and the average in time
distribution function can be taken in the form of Eq. (4) al-
though the approximation of the coasting beam is not valid.
That is possible due to the other effects of the bunched
beam: heating of the cloud caused by the kicks balanced
by the cooling of the cloud due to the loss of electrons.




















where integration is over the phase space of the cloud.
The electrons in the vicinity of the beam are kicked to
the wall and are replaced with the low energy secondary
electrons. The later process produces cooling. To be lost,
an electron has to reach the wall before the next bunch ar-
rives. The trajectory of an electron between bunches can
be estimated as following. Consider an electron with the
initial conditions ! 8ﬃ]   just before a bunch arrives. A




that, an electron moves in the field of the space charge.

























































. A quasi-stationary cloud
































A . In the




















































All electrons within this part of the phase space get lost and
are replaced by the electrons from the cloud. The energy
loss is equal to the energy of the lost particles before they































. Here we neglected the energy brought to
the cloud by the low energy secondary electrons coming
in from the wall.



























































































































Let us remind that, given ¢ ,  .  4 depends only on  .
Eq. (16) defines  , i.e. the temperature u . It is plausible










. The solution of Eq. (7) and









, what is close























The potential  .  4 is shown in Fig. 5. At small distances it
goes as beam potential but at large distances is flatter due to
the space charge contribution. The density profile G .  4 EG C ,
Eq. (10), for the same parameters is shown in Fig. 2. The



















!5 ) for the NLC parameter
N









density at the beam line (at the moment of a bunch arrival)




The number of electrons with the energy
¯
hitting the


























































is the distribution function at
the moment of bunch arrival.
The result of calculations is shown in Fig. 3. Parameters
are the same as in Fig. 2.













Number of electrons hitting the wall





celerated from the e-cloud and hitting the wall with energy
¯
.
Finally, the number of electrons hitting the wall per pass-



























































in the cloud in the drift with length ÑÒ . This result may be
compared with the simple estimate which assumes that all




















. The actual number is higher because the

























































Here the variable Ú 	 . ]   4 
z
N












. Numeric integration gives













Another effect of the bunched beam is production of jets
of electrons.
Simulations show that, at the high level of the SR, the
average electron density is higher than at the low level of
the SR by a factor of two. (It is worth noting that a round
beam pipe without the ante-chamber was used in simula-
tions). For large SR, the primary photo-electrons move as








from the parent bunch.
The density of a jet may be higher than that given by the
condition of neutrality and depends on the yield ß of the
secondary electron emission, number of jets à7á Ø/ within
the beam pipe, and the volume of a jet. The density av-
eraged over the length Ñ Ò of the drift section where SR is












































Z is very close to
the result of simulations è-K
P"R
S
YX[Z with the large yield
ã of the primary photo-electrons.
The jets may also explain why the electron density at
the beam pipe line in simulations is much higher than the
average electron density.
Initial energy spread of the primary photo-electrons
leads to the difference in the distances of electrons in the
jet from the beam line. Interaction with the bunch trans-
lates this difference in the energy spread of the electrons
hitting the beam pipe wall. If the shortest distance of the









































dN dE in jets
Figure 4: Number of electrons F< ËEF
¯
hitting the wall per
bunch. Electrons are accelerated by the beam while a jet





High energy electrons hitting the wall produce secondary
electrons which, after thermalization, may increase the
density of the cloud in the avalanche-like way. Let us es-
timate the number of bunches  needed to reach satura-










Z . At the low









ÉZ per bunch (see Eq. (23)). Most of these electrons go




9<ê of the secondary elec-





































fraction of the cloud participating in multipactoring. The
estimate of the previous section gives ì	
R
K U and the den-



















K ><Ì . At the high





, the number of passes to







estimates are in reasonable agreement with the simulations.
6 EFFECT OF THE MULTIPACTORING
It was mentioned above, that, for ¢ 
P
, there are two
region of distances from the beam line: in the vicinity of
the beam, where electrons are wiped out by each passing
bunch, and another one close to the wall.
The multipactoring adds the third region. Generally,
there is a bump of the potential well in the vicinity of the
wall which defines how many of the secondary electrons
can go to the central regions. Such a sheath works as a
virtual cathode. The density in the sheath near the wall de-
pends on the balance of the number of electrons kicked to
the wall from the central region and the number of electrons
produced at the wall by the SR and multipactoring.
In the equilibrium, the number of lost particles is equal
to the particles coming to the cloud from the wall. If the
yield of secondary electrons is high, to sustain the equilib-
















































































The temperature u ñ is equal to the average energy
of secondary electrons
¯



















eV, u ñ 	÷>3K
R}P{R
Xø . The source 
mﬂx
, the number of sec-
ondary electrons ejected from the wall per unit time and





 and the yield of the secondary elec-
















. (More exactly, 
mﬂx
























We imply here that electrons generated at the wall are
thermalized and are added to the e-cloud. This process
works as a sink for the generated electrons and allows us






















first term is the distribution function of the cloud and the

















































, and in the vicin-
















































. The Poisson equation at
 ß
P











































The second term in the right-hand-side is due to the density
of the cloud.
To stop secondary electrons to go into the beam pipe,
the maximum of the potential 
W0





can be estimated equating the number of


































































































































, i.e. for the large
enough density of the cloud. Otherwise, the height of the











































is small, of the order of u|ñ , it changes the equilib-
rium density of the cloud. To see the effect on the average











. ! 4 (38)
over r with the weight r in the interval
R






























































































The average density is higher than that given by the con-





It is worth noting that, without the potential barrier, pri-
mary photo-electrons with positive energy go above the po-
tential well. They add to the average density of electrons
but their space charge reduces the density of the cloud in
such a way that the total average density is still given by
the condition of neutrality.
Electrons reflected by the potential barrier hit the wall
again increasing the power deposited to the wall. The

















































For the NLC DR this contribution is negligible, less than
W/m.
Another effect of the secondary electrons trapped at the
wall is the introduction of a small azimuthal asymmetry of
the potential well for the beam particles. The dipole com-
ponent of such perturbation may cause an orbit distortion
and the quadrupole component leads to the asymmetric de-
pendence of the tune on the beam current. The estimate
shows, however, that these effects are small.
7 EFFECT OF THE FINITE BUNCH
LENGTH
We assumed everywhere above that a bunch can be de-
scribed as a point-like macro particle. The finite bunch
length may substantially change the number of lost parti-
cles from the region near the beam. As it was mentioned
in Section 2, the number of oscillations within the bunch
length for such electrons is large. (It may be not true for the
electrons far away from the beam because the frequency of
oscillations decreases with amplitude). The field of a bunch
at a given location around the ring varies slowly compared
to the period of oscillations and can be considered as an
adiabatic perturbation. As it is well known, the amplitude
of oscillations in this case returns to the initial value when
the perturbation is turned off. It means, that an electron
may decrease the amplitude of oscillations while bunch is
passing by, but retains the initial velocity and position after
the bunch goes away. These arguments mean that the num-
ber of the high energy electrons hitting the wall and power
deposition are smaller for the larger bunch length. On the
other hand, low energy electrons in vicinity of the beam can
live there for a long time what would mean larger density
at the beam line. From this point of view, it is preferable to
have short bunches but with a large bunch current to be in
the regime where electrons go wall-to-wall in one pass.
One of implications of the finite bunch length is the beta-
tron tune variation along the bunch. The kick from the head
of a bunch causes motion of the e-cloud electrons toward
the beam line and increases density of e-cloud in the tail of
















 is the average machine radius. The tune

















YX[Z . The interaction with the dense jets can
change tune of the bunches in the head of the bunch train
differently than for the rest of the bunches causing tune
variation along the bunch train.
8 EFFECT ON THE WAKE FIELD
The wake field of the cloud with the average density
G
C
can be estimated analytically [5, 6]. For a long bunch, the

































where the e-cloud density is taken at !"ù±&² 	
)
¢ to take into
















































and the beam pipe aperture. They were calculated
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8.1 Transverse coupled bunch instability













To consider the CB instability, the long-range (LR) wake
has to be scaled from the short-range wake Eq. (44) replac-

















































where electrons survive after a bunch pass.


























U5> MOhm/m for the NLC DR nominal pa-
rameters, by a factor of two larger than in the simula-
tions [1].






























At high currents, electrons may go wall-to-wall between
bunches and electron cloud, in the usual sense, does not
exist.
Thermalization of electrons, takes place at a moderate
current within some distances from the beam. Even if the
number of the linear oscillations per bunch is large, such
electrons can be described by the Boltzmann distribution
due to randomness of the electron motion.
The jets of primary and secondary electrons may have
high density and explain the high energy tail in the distri-
bution of electrons hitting the wall.
A simple model of the e-cloud formations allows us to
reproduce main results obtained in simulations explaining
the level of the density at saturation and it dependence on
the æ  a yield. The temperature of the distribution is
defined by the condition of the energy equilibrium. The
multipactoring does not change the temperature much but
rather affects the distribution of electrons in the vicinity
of the wall. That explains why the average density of the
cloud is close to that given by the condition of neutrality.
The final bunch length may change the power deposited to
the wall and the density of electrons at the beam line. In-
teraction with the cloud can cause the tune variation along
the bunch train. Transverse CB instability requires strong
feedback.
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Table 1: Global parameters for the NLC main
damping ring
Parameter Description Simul. Analytic
\^] _a`$b
, Amp aver.beam current 0.86 0.86
cd
, egfihkjlnmj average density 3.0 2.2
c
_ao'o
, egf haj l mj , effective density 3.11
p
] _a`$b
























x MOhm/m SR shunt 2.3

x MOhm/m LR shunt 134


ms LR growth time 0.018

x ms LR growth time 0.1 0.01
ŁH






lost per bunch 0.32




W/m power to the wall 80. 87.
 parameter 0.277 0.0694
 parameter 0.5529 0.743
norm parameter m< 0.614
)b-`$
potent. bump, eV 0.8
Ł
parameter 0.067
Table 2: Comparison of the calculations with
simulations [1].
